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I. INTRODUCTION 
Commercial crossbreeding is widespread. Crossbred advantages over 
purebreds are that heterosis is obtained, mothering ability is better in 
crossbreds than in purebreds, and combinations of traits more desirable 
for the present market can be achieved in a cross quicker than by selec­
tion within any one breed. Heterosis is defined here as the difference 
between the averages of offspring and of midparent. A summary of evidence 
for heterosis is given by Dickerson (1952). See Table 1. Lush et al. 
ÛL939) state that differences between crossbreds and purebreds are small, 
relative to total variability, but are consistently in favor of the 
crossbreds. This advantage amounts to an average of from 2 to 7 per cent 
increase of crossbreds over purebreds for most feed lot and reproductive 
characters. This is enough to be economically profitable. 
Although a large percentage of the market hogs in Iowa are cross­
bred, most recommendations made to the commercial producer on which breed 
to use in a crossing program, are based on the performance of that breed 
as a purebred. This thesis presents the results of a study of the rela­
tive importance of general, maternal and specific combining ability in 
a crossbred population, so that breeds entering a crossbreeding program 
can be selected on their actual crossing ability. The magnitude of vari­
ation between breeds, relative to total variation among litters, was 
measured in a sample from a purebred and a crossbred population. Differ­
ences between breed maternal influences were measured in a sample from 
the crossbred population. The relative amount of genetic variation 
among breeds attributable to general combining ability and to specific 
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Table 1. Heterosis, for various traits* 
No. of Means Heterosis 
Character exp. PB CB 100.CB/PB 
Birth weight, lbs. 6 2.8 2.8 100.6 
Number born 12 9.7 9.5 97.3 
Weaning wt* (av.), lbs. 15 32.5 33.1 101.8 
% survival (birth 
to weaning) 15 76.3 80.2 105.1 
Litter wt. weaning, lbs. 13 235.6 25U.1 107.9 
Av. daily gain, lbs. 
(weaning to slaughter) 9 1.38 l.UU 10U.0 
Feed/gain (weaning 
to slaughter) 6 37U.1 368.6 98.5 
aFrom Dickerson (1952) 
combining ability was assessed in a sample from the crossbred population# 
The covariance between the direct genetic effect and the maternal effect 
of a breed was measured in a sample from the crossbred population. 
Evidence presented by Gaines (1957)» indicates that in crossbred 
populations 5 to 10 per cent of the total variation in feedlot and 
reproductive traits may be attributed to differences among breeds. Hetzer 
et al. (1953) state that breed differences in general combining ability-
were large, especially for the Landrace breed in feed lot and repro­
ductive characters. 
In general, work with inbred lines has indicated general combining 
ability to be an important source of variation. Henderson (19U8) and 
Magee and Hazel (1958) found only a slight indication that maternal 
characteristics differed among inbred lines of Poland China swine. Warren 
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and Dickerson (1952) found an indication of maternal differences in a 
study of crosses among inbred lines from several breeds, as did Hetzer 
et al. (1959). The study of Hetzer et al. included some significant 
maternal differences in carcass characters as well as in feed lot char­
acters. He found only a slight indication of maternal differences for 
litter size at birth or 56 days. 
Evidence concerning the covariance between the direct genetic effect 
and the maternal effect of the breed is conflicting. Dickerson (19U7) 
outlined the problem. The covariance between these two effects was 
positive for individual pig weight among the inbred lines used by Warren 
and Dickerson (1952). Bradford et al. (1958) indicated a negative 
association, as did Magee and Hazel (1959), but neither corrected for 
the expected correlation imposed by the method of analysis. 
Indications of possible specific combining ability come from work 
dealing with inbred lines. Basically these differences in specific 
combining ability could be caused by dominance or epistasis or some com­
bination of them, perhaps accentuated by linkage. Sprague and Tatum 
(19U2) found specific combining ability to be an important source of 
variation among crosses of highly inbred lines of corn. Henderson (19U8) 
presented evidence that between 5 and 15 per cent of the variation among 
crosses of inbred Poland China swine was due to specific combining 
ability. He found no evidence for differences between reciprocal crosses. 
Warren and Dickerson (1952) found no evidence of a tested line by tester 
line interaction in an experiment with inbred lines from several breeds. 
Magee and Hazel (1959) could not detect significant specific effects in 
u 
data Involving three-way crosses of Poland China lines. Bradford et al. 
(1958) did not find evidence for specific effects among crosses of inbred 
lines. Hetzer et al. (1959) found little indication of specific differ­
ences among crosses of inbred lines. Indirect evidence for dominance 
and/or epistasis in swine populations is summarized by Dickerson (1952) 
who considered the decline under inbreeding and the lack of selection 
response to be indicative of this kind of variation. 
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II. DATA 
The data used in this study were from a polyallel cross of seven 
breeds of swine. Breeds represented were Berkshire (B), Duroc (D), 
Hampshire (H), Landrace (L), Poland China (P), Tamworth (T), and Yorkshire 
(Y). The experiment was conducted at the Napier farm during the spring 
and fall of 195U> 1955» and 1956 • Foundation stock was a sample of 
approximately 6 boars and 30 gilts per breed, purchased from purebred 
breeders. Experiment station Landrace and Poland China swine were used 
to represent their breed. The individuals used from these two breeds 
were usually cross-line females and cross-line boars. These pigs can be 
fairly compared with regular purebreds. Table 2 found in Craft (1958) 
indicates that this comparison is valid, at least for litter number* 
Feeding and management were as consistent from season to season as 
practicable. Farrowing houses were used. There was some foster raising 
of pigs between litters farrowed concurrently. Litters were moved to 
pasture ten days after farrowing. Four pigs were chosen from selected 
litters at weaning and were placed on record-of-performance dry lots until 
slaughter. The majority were placed in pasture lots after weaning until 
slaughter. In the first three seasons any differences between spring and 
fall litters are completely confounded with age-of-dam differences, as 
can be seen in Table 3* Gilt and boar replacements came from the purebred 
offspring of the original stock. 
The following data were taken for all the litters: 
1. Number born (NB), number at 56 days (NW), and number at 
15U days (NF). 
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Table 2. Number of litters in each reciprocal cross and in each breed 
Breed of 
sire 
Breed of dam 
B D H L P T Y 
B 22 3 5 3 10 8 U 
D 9 2 7 3 8 9 3 
H 10 5 UO 3 12 6 5 
L 7 5 h 18 15 5 3 
P 10 5 9 6 2k 3 6 
T 11 U 6 5 9 2É 5 
T 12 6 7 5 15 7 33 
Table 3» Number of purebred and crossbred litters by seasons and age-
of-dam 
195U 1955 1956 
Spring Fall Spring Fall Spring Fall Total 
Pure Gilt 50 51 9 1U 16 mo 
Sow 30 37 23 23 113 
Cross Gilt 51 70 1U 33 17 185 
Sow 38 19 18 23 98 
Totals 101 68 121 79 88 79 536 
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2. Individual birth weight (BW), 56-day weight (W), and 
15>U-day weight (FW). 
Weaning weights were adjusted to 56 days. The 15U-day weights were the 
average of two adjusted weights taken approximately a week before and 
after the actual 15U*^  day. 
The breeding plan was to mate each boar to several females of the 
same breed and usually to two or three females of other breeds in the 
same season. Half the facilities were devoted to purebred litters and 
the rest to crossbreds. Table 2 shows the number of litters in each 
reciprocal cross and in the purebreds. Table 3 records separately the 
number of litters produced by season and by age-of-dam for purebreds and 
for crossbreds. 
Two basic traits, litter size and weight for age, were chosen for 
study. Both litter size and weight for age exhibit heterosis, as shown 
in Table 1. Both have relatively low heritability. This indicates that 
response to mass selection within breeds would be slow at best. Thus 
the possibility of improving commercial production by utilizing hybrid 
vigor appears especially promising for these two economically Important 
traits* 
The litter was chosen as the experimental unit because little addi­
tional information concerning this problem would be gained by considering 
weight differences among individual pigs within litters. The individual 
pig weights were averaged to obtain the figure used for the litter. 
Number of pigs and average pig weight per litter were both observed at 
birth, 56 and 15U days of age. 
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in. ANALYSIS AND RESULTS 
A. Extraneous Variation 
Several identifiable sources of extraneous variation could influence 
estimates of breed and breed-cross performance. Two post-weaning treat­
ments, dry-lot and pasture, were studied to determine suitable additive 
corrections for average litter weight at l£U days. Individual pig weights 
at 15U days, from litters having at least one pig on dry-lot, were used. 
This would tend to lessen the effect of any selection of litters at 
weaning. Intra-litter selection of individuals to be placed on dry-lot 
was considered in this study by including weaning weight as a covariate 
with l^ U-day weight. Other factors considered in the analysis were 
seasons, treatments, season-by-treatment interaction and sex (male or 
female). 
A least squares analysis of non-orthogonal data disclosed that this 
treatment effect was not independent of the seasons. Consequently, addi­
tive corrections for the treatment difference were made separately for 
each season. The treatment differences corrected for sex and weaning 
weight (the regression of final on weaning weight equaled 2.23 pounds) 
are found in Table U. If pasture conditions were different from season 
to season this would contribute to the interaction observed. 
The average final weight of a litter was corrected by adjusting the 
sum of the individual weights with the number of dry-lot pigs times the 
correction. All average final weights of litters were adjusted to a 
pasture basis. That is, all pigs on dry-lot had the appropriate constant 
in Table U subtracted from their final weight. 
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Table U. The difference between diy-lot and pasture l5U-day weights, 
corrected for sex and weaning weight 
Seasons 
Corrections in pounds subtracted 
from individuals on dry lot 
195U Spring 7 
195U Fall 21 
1955 Fall 13 
1956 Spring 52 
1956 Fall 13 
Inbreeding due to the finite size of the sample from each breed 
during the short term of the experiment could not have been enough to 
cause any serious decline in performance. With 6 males and 30 females 
there would be expected only about a two per cent decrease in heter­
ozygosity per generation. Since matings involving relatives were avoided 
as much as possible, the actual inbreeding would be lower than this 
figure, especially in the first few generations, and practically zero 
during this experiment which lasted only three years. 
Selection might possibly bias breed and breed-cross performance 
because replacements were obtained from the experimental material. 
Opportunity for deliberate election existed in that only 28 per cent 
of the purebred gilts weaned were used as replacements. Selection, if 
intense and effective, could have increased the performance of the entire 
population. If unequally intense in the various breeds and between those 
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gilts used in the purebred and crossbred sample, it could have affected 
the performance of the various breeds. Selection differentials for 
average litter weight and litter number must be large, however, for 
selection to have much effect, because the heritability is low. 
The role of selection in changing average merit of the entire stock 
over the three years of the experiment was not considered because its 
effect, if any, would be defined into the differences between seasons. 
Selection differentials were calculated to learn whether selection could 
have biased the differences between purebreds and crossbreds. Boars were 
not considered, since they produced both pure and cross litters in approx­
imately equal numbers. Fifty per cent of the gilts producing a litter 
were retained for at least one more litter. If the first litter was 
crossbred, usually the second was purebred. These points, along with 
the low heritability, make the effect of selection seem rather certain 
to have been unimportant, 
A slight selection for litter size, a difference of one pig, was prac­
ticed on gilts and sows selected to have purebred litters. This includes 
automatic selection, such as was described by Dickerson et al, (195U), 
Selection differentials were calculated on dam performance for gilts and 
on the previous record for sows. This selection was erratic from one 
season to the next and would be expected to cause very little genetic 
change. The difference between selection differentials for individual 
l5U-day weight calculated for gilts producing pure litters and those 
producing cross litters in the spring of 1955, was 5 pounds in favor of 
the gilts having cross litters. This difference is also too small to be 
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of practical significance. Because of these considerations, further 
examination of selection as a possible bias to the comparison between 
purebreds and crossbreds was abandoned. 
Differential selection among breeds was sampled by comparing the 
records of the dams of gilts which were selected to have purebred litters 
in the spring of 1955» Selection differentials, as mean of selected 
minus mean of all records are presented in number and pounds in Table 5« 
Not all breeds had the same emphasis placed on each character. This 
is to be expected since breeds are known to differ far these characters. 
Actually the population from which the samples were drawn is continually 
subject to this type of selection so that conclusions reached using this 
sample would apply to the population only if this sort of selection 
pressure were maintained during the experiment. 
Differences between farrowing seasons due to weather, availability 
of pasture, and management changes have been found to be an important 
source of variation in previous work with swine. Also age-of-dam differ­
ences are an important source of variation between litters. The first 
three seasons of data were confounded with age-of-dam since gilts were 
used in the spring of 195k and the spring of 1955 while only first-litter 
sows farrowed in the fall of 195U* Table 3 shows the distribution of 
age-of-dam classes by season. 
The data contain records from only a few sows having more than two 
litters. Only fifty per cent of the gilts were retained for a second 
litter. The age-of-dam effect has been found to be curvilinear with 
growth and litter size, Lush and Molln (191*2). The largest difference 
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Table 5« Selection differentials based on dam's performance for gilts 
having purebred litters in the spring of 1955 
Trait B D H 1 P T ï 
No. born +2,2 +2,2 +1.5 +2.2 +2.6 +1,9 -.9 
Final, weight +32 
-3 +12 -17 -8 +5 +10 
is between gilt and first-litter sows. Because of the small number of 
older dams and the fact that the largest difference in age-of-dam is 
between gilt and sow litters, only two age-of-dam classes were considered# 
They were gilt and all sows# 
Because age-of-dam and seasons were confounded in tiie first three 
seasons, only the last three seasons could be divided into gilt and sow 
litters. This made a total of 9 season, age-of-dam classes which will 
be referred to hereafter as season-age groups. Since subsequent work 
was primarily concerned with breed and breed cross performance, the 
necessity of considering these extraneous factors separately was not felt 
except in the study of selection. There age-of-dam corrections were 
obtained from the last three seasons* Individual dam constants were 
absorbed into age-of-dam and season constants and the resulting equations 
were solved for the age-of-dam constants that appear in Table 6, 
If the season-age groups are considered when each comparison between 
breeds or breed crosses is made, the differences among these groups will 
not bias estimates of breed differences. When an interaction exists 
between these season-age groups and the breeding groups, considering the 
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Table 6, Gilt minus sow litters 
Data BW W FW NB NW NF 
Present data -.it -U.5 -12.3 -1.7 -1.3 -1.0 
Bradford et al. (1958) — —U.O —10.0 -3.U —2.0 -1.8 
Dickerson et al. (195k) - -1.5 -1.0 
groups alone will not be sufficient because the response for each breeding 
group may be different, according to which season-age group is being 
studied. 
A least square analysis of non-orthogonal data was computed to learn 
whether such an interaction was present in these data. The sample was 
divided into purebred and crossbred groups. A simple two-way classifi­
cation with interaction was used. The model for the purebred population 
was 
T«k • F * H * bj + + eijk "here 
is the k**1 litter of the i^  season-age group and the breed. 
The model for the crossbred population was 
Tijk -/••v d'j * • eijtHbere 
Yijk *s litter of the i*h season-age group and the separate 
reciprocal cross. The difference between reductions used to obtain the 
sum of squares among the interaction classes was R (ji, a, b, ab) - R 
(ji, a, b) for the purebred sample and R (ji, a, d', ad') - R (yi, a, d') for 
the crossbred. The error sum of squares were calculated using R (ja,a4b,ab) 
and R (T) - R (ja,a,d',ad,)> respectively. The mean squares for interaction 
and error are given in Table 7 and 8 for the purebred and crossbred sample. 
All the F values were computed by dividing the larger mean square by the 
smaller as Fisher originally proposed. The superscript r indicates that 
the mean square within groups was larger than the mean square among groups# 
In both tables no F test is significant, permitting one to believe that 
both mean squares are estimates of the variance between contemporary 
litters out of dams of the same age. If variance components were to be 
estimated from the mean squares, only two characters in the crossbred 
sample and four in the purebred sample would yield positive estimates of 
the interaction variance component# It seems safe to conclude that to 
ignore this interaction classification in the genetic analysis will not 
bias seriously the estimates of breed and breed cross performance# 
The differences among sires within breeds were studied to ascertain 
whether these effects should be included in the least squares analysis 
of breed differences# The effect of sires within breeds is not important 
in the purebred analysis because no sire contributes to more than one 
breed. However, in the crossbred analysis sires contribute to more than 
one reciprocal cross, thus becoming a possible source of bias# In both 
cases the sires and dams must be a random sample from the particular breed 
if the inferences about the breed or breed cross differences are to be 
entirely valid# 
Over one-hundred sires are represented in the crossbred analysis* 
The method of least squares for non-orthogonal data becomes impractical, 
due to computational limitations, when so many effects are to be estimated# 
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Table 7* The interaction between breeds and season-age groups in the 
purebred analysis 
Source of Mean squares 
variation d.f. BW m FM NB NW NF 
Among interaction 
groups U3 .189 3L.ll 523.7 7.57 7.59 7.13 
Within interaction 
groups 195 .11*5 39.01 660.8 7.1U 6.26 6.39 
F 1.30 l.Uf 1.26r 1.06 1.21 1.12 
'indicates that the mean square within is larger than the mean square 
among groups. 
Table 8. The interaction between reciprocal crosses and season-age groups 
in the crossbred analysis 
Source of Mean squares 
variation d.f. BW m FW NB NW NF 
Among interaction 
groups 157 .223 2*9.33 553.6 7.59 6.26 6.07 
Within interaction 
grotps 76 .316 58.13 610.2 7.86 6.15 5.90 
F l.li2r 1.18? 1.10? 1.03? 1.02 1.03 
'indicates that the mean square within groups is the larger. 
But some idea may be gained about the importance of sire differences in 
the crossbred analysis by considering differences between sires within 
reciprocal crosses. This creates more sires than are actually present 
in the data but only the differences between a few are considered at a 
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time, being within a reciprocal cross. These two facts have opposite 
effects, that is the former increases the degrees of freedom while "the 
latter reduces the sire differences compared. 
An analysis of variance among and within sires within reciprocal 
crosses was conducted for the crossbred sample. The results are shown 
in Table 9. Only two of the six possible sire components would be 
positive. This indicates that these mean squares are both simply esti­
mates of the variance within sires. Had the variance among sires over 
reciprocal crosses been tested rather than within reciprocal crosses these 
results might have been different. Because of the results in Table 9, the 
differences between sires were not included in the least squares analysis 
of breed cross differences# Table 10 is included to indicate that esti­
mates of the pooled sire differences within breeds for the purebred 
analysis appear to be larger than those in the crossbred analysis although 
all are small, as is to be expected for traits with low heritability. 
Table 9* Analysis of variance among sires within reciprocal crosses 
and within sires for the crossbred analysis 
Source of Mean squares 
variation d.f. BW m BW NB NW NF 
Among sires/crosses 198 .258 50.57 557.8 7.56 6.18 6.01 
Within sires 35 .229 61.1*3 652.6 8.3k 6.1*6 5.91 
F 1.13 1.21r 1.17' 1.10? 1.05? 1.02 
r Indicates that the mean square within groups is the larger. 
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Table 10. Analysis of variance among and within sires for the purebred 
analysis 
Source of Mean squares 
variation d.f. BW WW FW NB NW NF 
Among sires/breeds 67 .119 58.9U 9U9.0 6.25 7.61 7*10 
Within sires 128 .16U 28*72 W>.9 7.60 5*55 6.02 
F 1.38r 2.05 2.15 1.22r I.37 1.18 
'indicates that the mean square within groups is the larger. 
B. Importance of Breed Differences 
The model chosen to study breed differences in the purebred sample 
was - jti + a^  + bj + e.yk where is the k^  litter in the 
breed in the i**1 season-age group. The interaction between breeds and 
season-age groups was not included because the interaction was found to 
contribute only a small amount of variation, relative to total variation 
among litters. 
The model chosen to study breed cross differences in the crossbred 
sample was -yi + a% + g% + gj + ny + Sjj + d^  + where 
is the I**1 litter of the k**1 season-age group from the i^ 1 breed as a 
male and the breed as a female parent. The g^ (gj) is the general 
combining ability of the i**1 ( jth) breed. The mj is an effect in addition 
to the general ability of the j**1 breed which is common to all litters 
of the 3th breed used as a female parent. The s^  is an effect over the 
general abilities which is common to all litters of the cross of the i**1 
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breed by the j**1 breed or of the breed by the i**1 breed such that 
Sj_j • Sji# The d^ j is an effect over the general, maternal, and specific 
abilities arising from the difference between using breed i as a male 
and breed j as a female rather than the reverse and is such that dy 
* - dj^ . This model has been used by Henderson (191*8) to study the 
combining abilities of inbred lines# 
The test in the crossbred analysis of the interaction between 
season-age groups and breeding groups (reciprocal crosses) indicated 
that this interaction was of minor importance. It must be noted that 
this test was actually of several interactions; namely, general ability 
by season-age groups, maternal ability by season-age groups, specific 
ability by season-age groups and reciprocal ability by season-age groups. 
One of these interactions could be an important source of variation but 
the others, if small, would tend to dilute and conceal the importance of 
the large interaction. This situation does not seem likely. These 
interactions were omitted from the model because of the results obtained 
in the test of the breeding group by season-age group interaction. 
To study existing variation among the seven breeds, the suitability 
of the chosen models to describe the biology of the situation was con­
sidered. The model used should as far as possible be the simplest one 
which describes the biology with reasonable accuracy. That is, if there 
is no indication that reciprocal differences account for much variation 
beyond what is already related to differences between season-age groups, 
general, maternal, and specific differences, then emitting the reciprocal 
differences from the model simplifies it while still describing the facts. 
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For this reason, several tests of significance were made to consider 
whether the various classifications should be considered in the purebred 
and in the crossbred sample. 
Breeds differ significantly as purebreds for all these traits as 
seen In Table 11. These breed differences include the direct breed dif­
ference as well as the breed differences in maternal qualities. Birth 
weight and number bom, which have little additive genetic variation 
within breeds as indicated in Table 10 by the relative importance of 
sires, show the largest differences between breeds. However, in final 
weight sire differences within breeds and differences among breeds are 
both large. 
Table 11. Analysis of the differences between breeds in the purebred 
analysis 
Source of 
variation 
Among breeds8. 
Within breeds*5 
F 
d.f. BW m 
6 .655 89.30 
238 .153 38.25 
U.28 2.33 
Mean squares 
FW NB 
2M5.3 35.68 
598.9 7.22 
U«o8 U.9U 
NW NF 
18.16 1U.1U 
6.50 6.52 
2.80 2.17 
C^alculated by |R (ji, a, b) - R (ji, a)] /df. 
C^alculated by |k (T) - R (ii, a, bj)/df. 
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Some attempt at simplification of the model in the crossbred analysis 
must be made, because of the large number of effects to be considered. 
Possibly the best approach is to consider first the importance of the 
interaction effects because they represent the extra variation present 
after the main effects have explained all the variation between litters 
that is possible on the supposition that their effects are combined lin­
early. Thus differences among reciprocal crosses as defined on page 18 
were first tested for their significance. Another purpose for considering 
so many tests of significance is to draw conclusions about the suitability 
of the model. For example, if the mean square within groups is consist­
ently and significantly larger than the mean square among groups then the 
data must be examined for some constraining force which would cause those 
mean differences to be smaller than would be expected from chance alone. 
Differences among reciprocal crosses, after season-age groups, 
general, maternal and specific ability have been considered, are tested 
for their significance in Table 12. In no trait are the differences 
statistically significant at the level. However, there is some 
indication that these differences exist in birth weight and faintly in 
number born. Differences among reciprocal crosses tested in this fashion 
by Henderson (19U8) were found to be unimportant. Based on the results 
of Table 12, the differences among reciprocal crosses were excluded from 
the model used to make further tests in the present study. If, as perhaps 
is indicated in birth weight, these differences are really present, they 
bias the test because the variance due to reciprocal crosses appears in 
both numerator and denominator and with different coefficients. The 
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Table 12. Differences between reciprocal crosses in the crossbred 
analysis 
Source of Mean squares 
variation d.f. BW WW ÏW NB NW NF 
Among reciprocal 
crosses6 1$ .U07 U5.75 596.7 9.79 U.23 U.OU 
Within crosses 233 .252 52.20 572.1 7.68 6.22 6.01 
F 1.62 l.lUr 1.0U 1.27 l.U7r l.U9r 
'indicates that mean square within crosses was larger than mean 
square among crosses. 
Calculated by jÊ (ju, a, g, m, s, d) - R (ju, a, g, m, s, )]/df. 
difference between these coefficients is a function of the non-orthogon-
ality of the data, which is not extreme in these data, as can be seen from 
the number of observations per cell of Table 2. 
Differences among specific combining abilities, after season-age 
groups and general ability have been considered, were tested in Table 13. 
Only one variance component for specific ability is positive. It is for 
weaning weight. Birth weight varied significantly more within than among 
crosses. In only one time in twenty would a difference as large or larger 
be obtained because of chance alone, if the mean squares were in fact 
estimates of the same quantity. Possibly this may be a result of some 
constraint in the data which causes the means of the two reciprocal 
crosses to be more alike than chance would allow. Possibly this con­
straint is connected with the reciprocal cross differences inferred in 
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Table 13. Differences between specific combining ability in the crossbred 
analysis 
Source of Mean squares 
variation d.f. BW WW FW NB NW NF 
Among specific 
crosses* 1U .11*7 60.96 55U.6 6.25 U.02 U.13 
Within crosses13 21*8 .262 51.81 573.6 7.81 6.10 5.89 
F 1.78' 1.18 1.03* 1.25? 1.52? 1.143? 
'Indicates larger mean square within than among crosses. 
Calculated by Qft (p, a, g, m, s) - R (pi, a, g, m)j/df. 
C^alculated by (r (T) - R (ji, a, g, m, s)j /df. 
Table 12. As a result of this test the effects of specific combining 
ability were no longer considered in the model because they appeared to 
add little to the description of the data. 
Table lit shows the test for whether breed differences in maternal 
abilities had additional effects beyond those correlated with the effects 
of season-age groups and general abilities. Since season-age groups 
appear in every reduction in all these calculations, all the tests were 
thus affected so this should not be as great a problem in interpreting 
these tests as a correlation between general and maternal abilities# 
Only litter number at 151* days yields a difference significant at P< .05# 
The F for birth weight and final weight approach significance but in the 
former the mean square within breeds was the larger. The R (pi, a, g, m) 
• 2,1x99» R (ja, a, g) - 2,1*98, and R (ji, a, m) - 2,1*98 for birth weight 
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Table 11*. Differences between maternal abilities in the crossbred 
analysis 
Source of Mean squares 
variation d.f. BW WW FW NB NW NF 
Among maternal 
abilities11 6 *123 52.1*3 1,163*6 7*63 10.2k 15*01 
Error13 262 *256 52.30 572*5 7.72 5*99 5*80 
P 2.08' 1.00 2*03 1.01r 1*71 2*59 
'indicates that the mean square within groups is the larger* 
Calculated hy(R (ji, a, g, m) - R (ja, a, g)]/df* 
C^alculated by [R (T) - R (ja, a, g, mj] /df. 
which indicates that either m or g alone describe the data as well as both 
g and m* This indicates a high positive correlation between general and 
maternal ability for birth weight* This fact could account for the mean 
squares being equal* Either sampling error or an exaggerated within mean 
square, possibly caused by ignoring the reciprocal differences, appear to 
be the only plausible causes of this significance and that in Table 15* 
Because of the possibility of a correlation between general and maternal 
ability, this maternal effect was retained in the model* 
The test of the differences among general combining abilities, after 
season-age groups, and maternal abilities have been allowed to account 
for as much variation as possible, is shown in Table 15* General com­
bining ability is clearly important for final weight. Again the mean 
squares among breeds far birth weight and for number barn are smaller than 
2U 
Table l£. Differences between breeds in general combining abilities in 
the crossbred analysis 
Source of Mean squares 
variation d.f. BW W FW NB NW NF 
Among breeds8 6 
Error15 262 
F 
.118 168.U8 1,111.77 
.256 52.30 572.51 
2.17? 3.22 7.18 
3.15 U.20 6.55 
7.72 5.99 5.80 
2.U5r l.U3r 1.13 
I^ndicates larger mean square within groups than among. 
C^alculated as [_R (ju, a, g, m) - R (ju, a, m)]/6. 
C^alculated as in Table lit. 
than the mean square within breeds. Probably a high correlation between 
b and m contributes to this discrepancy because the quantity tested is 
only (1-r^ ) (fg^  where r is the correlation between g and m. This seems 
unlikely to be the complete answer. General combining ability seems to 
have little importance as concerns litter size. Possibly this is to be 
expected, since many sources of evidence indicate that males have little 
influence on the size of the litters they sire. 
These tests give only a slight indication of reciprocal differences 
being important and those were far birth weight and number born. No 
important differences in specific combining ability are evident among 
these seven breeds. A rather strong positive correlation between general 
and maternal ability must exist for birth weight and number born because 
either g or m alone account for almost as much reduction in variation as 
do both when considered simultaneously. The maternal ability of the breed 
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appears important for litter number at weaning and later, while general 
combining ability appears predominant for average litter weight at weaning 
and later. 
C. Variance among Breeds and Breed Grosses 
Tests of significance in Section B served to indicate the more 
important effects in the model used to describe breed and breed-cross 
performance. Further these tests served to indicate whether some pecul­
iarities of the data had caused the mean differences between groups to 
vary less than differences within these groups. 
Tests of significance do not give the full information wanted flrom 
a biological standpoint because a very small difference, which contributes 
little to the total variation involved, may be significant when the sample 
size is large. Prime interest is really centered on the amounts of vari­
ation attributed to breed and breed cross differences relative to the 
total variation among litters. 
In the least squares analysis of non-orthogonal data the coefficients 
of the variance components expected to be in the reductions can be cal­
culated, if the effects were randomly drawn from some population. 
Henderson (1953) explains this procedure in his method three. 
Such variance components were calculated for the purebred and cross­
bred analysis. The expected compositions of the various mean squares are 
given in Tables 16 and 17. These were used to calculate the variance 
components which appear in Tables 18 and 19. If the variance component 
was negative it was considered zero in further computation. 
Table 20 and 21 give these variance components as a percentage of 
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Table 16. Coefficients of the variance components in the expected mean 
squares for the purebred analysis in Table 18 
Source of variation d.f. (Te 2 tfb2 
[a (/*> a, b) - R (ji, a)J/6 6 1 35a 
[H (T) - R (ji, a, g)]/238 238 1 
bounded to the nearest whole number. 
Table 17. Coefficients of variance components in the expected mean 
squares for the crossbred analysis in Table 19 
Source of variation d.f. <Te2 <J'd2 dV <Tm2 Cg2 
[R (jpi,a,g,m) - R (ji,a,m)J/6 6 l 5 10 0 38 
[R (fi>a,g,m) - R (/i,a,g)]/6 6 1 6 1 21 
|Ê tyi»a,g,m,s) - R (n,a,g,m)]/lU 1U 1 8 12 
(r (jQ,a,g,m,s,d) - R (ji,a,g,m,s)]/l5 15 1 6a 
|R (T) - R (|i,a,g,m,s,d)j/233 233 1 
B^ounded to the nearest whole number. 
Table 18. Variance components calculated from the purebred analysis 
Variance Weight Number 
components d.f. BW W FW NB NW NF 
CTb2 6 .015 1.U8 53.U .82 •3U .22 
(Te2 238 .153 38.25 598.9 7.22 6.50 6.52 
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Table 19# Variance components calculated from the crossbred analysis 
Variance Weight Number 
components d.f. BW WW BW NB m NF 
<Tg2 6 .000 2.88 7lt.8 .00 .00 .00 
<Tm2 6 .000 .00 26.7 .00 .19 .U3 
<rs2 1U .000 .73 .0 .00 .00 .00 
<rd2 15 .026 .00 U.l .35 .00 .00 
<re 2 233 .252 52.20 572.0 7.68 6.22 6.01 
Table 20. Variance components in Table 18 expressed as a percentage of 
the total variance 
Variance Weight Number 
estimates d.f* BW WW sw NB NW NF 
Gb2 6 8.9 3.7 8.2 10.2 U.9 3.3 
(Te2 238 . 91.1 96.3 91.8 89.8 95.1 96.7 
Table 21. Variance components in Table 19 expressed as a percentage of 
the total variance 
Variance Weight Number 
estimates d.f. BW FW NB NW MP 
6 .0 5.2 11.0 .0 .0 .0 
Cm2 6 .0 .0 3.9 .0 2.9 6.6 
G-s2 Ik .0 1.3 .0 .0 .0 .0 
CTd2 15 10.0 .0 .6 U.2 .0 .0 
<Te2 233 90.0 93.5 8U.U 95.7 97.1 93.U 
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the total variation. In the purebred analysis, difference in breed means 
for birth weight, final weight and the number born account for a rela­
tively large fraction (8.2 to 10*2 per cent) of the variation among 
litters. For litter number the percentage of variation attributable to 
breed differences decreases as the age of the litter increases. This 
variation, being measured as a breed difference, includes the direct 
genetic effects of the breed plus the maternal differences among breeds, 
plus any real covariance between direct and maternal effects of the same 
breed. The possibility of a covariance term between these two effects 
would cause this breed difference to appear larger or smaller than the 
total of the two effects separately depending on whether this covariance 
is positive or negative. 
As indicated by the test of significance for reciprocal differences, 
much of the total variation in Table 21 is attributable to reciprocal 
differences in birth weight and number bom. There is little indication 
that specific combining ability is important for final weight, litter 
size at weaning, and at 15U days. Negative values were obtained for birth 
weight, weaning weight and number born* These values are estimates of 
(1-r2) where r is the multiple correlation between m as the dependent 
variable and the various factors appearing In both reductions which are 
the "independents". If a high correlation between g and m exists, then 
the chance of getting negative estimates is increased. General combining 
ability is an important source of variation for weaning and final average 
litter weight but all the estimates of this for litter size were negative. 
The results for litter number suggest that all of the variation between 
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breeds, at least in these data, is attributable to differences among 
breeds of dam in maternal effects, or to the interaction of these effects 
with the breed general ability as indicated by the reciprocal differences 
found for number bom. 
Variance components for the crossbred analysis were also calculated 
using the constants obtained from R (ju, a, g, m, s) and the variance-
covariance matrix. Breed differences were considered fixed in this com­
putation. The proper reduction would have been R (JOL, a, g, m) ; however, 
the variance-covariance matrix was not calculated for this reduction. 
Values of (Tg2 were computed using the formula 
2 
E Zj gi » (p-1) CTg2 + (p-l)Zj clj" (Te2 - 1 2Z Zj ®"e2 where 
i Pi P i,-j 
p equals the number of g's and C-H, represent the inverse elements 
of the matrix of coefficients found in the normal equations. Values of 
<Tm2 and (Ts2 were calculated in a like manner. Table 22 gives these 
values for all traits and Table 23 gives the components expressed as a 
percentage of the total variation. The value of (Te2 was calculated from 
[r (T) - R (ju, a, g, m, s)J/2U8. The R (ji, a, g, m, s, d) was not used 
because d was found to be unimportant as a source of variation in Table 
12. Because the interaction, sy, was of little importance, these results 
agree well with those of Tables 19 and 21. 
Values of the covariance between general ability and maternal ability 
cannot be calculated easily when g and m are assumed to be randomly drawn 
from some population of breeds. When the effects are considered fixed, 
linear functions of these constants can be devised such that the 
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Table 22. Variance components as fixed effects for the crossbred analysis 
Variance Weight Number 
components* d.f. BW m " # NB NW NF 
<rg2 6 0 3.52 83.2 0 0 0 
<ra2 6 0 0 23.6 0 .23 .1*2 
CPs2 1U 0 1.17 12.2 0 0 0 
<re2 2U8 .262 51.81 573.6 7.81 6.10 5.# 
Constants obtained from R (ji, a, g, m, s). 
Table 23. Variance components from Table 22 expressed as a percentage 
of the total variance 
Variance Weight Number 
components d.f. BW WW FW NB NW NF 
<Tg2 6 0 6.2 12.0 0 0 0 
(Tm2 6 0 0 3.U 0 3.6 6.7 
<Ts2 1U 0 2.1 1.8 0 0 0 
(Te2 2l»8 100 91.7 82.8 100 96.lt 93.3 
expectation of the function contains an estimate of the covariance plus 
known quantities. Henderson (1953) suggests that 
E 23 gjiiu • (p-1) Gov gm + 2Z Z-i 0^ 1* (Te2 provides an estimate i i = i* 
of the covariance between the two main effects in a similar analysis. 
The method used in this analysis to estimate the covariance between g and 
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m is given by 
E 2Ïj g±m± - (p-1) Gov gm + (p-l)ZL 2Z C^ ' (Te2 - lZu ^  C^ ' (Te2 
1 V w; ? y ; 
where p is the number of g's or m's and C^ *' is the inverse element per­
taining to the i*k g and the i'**1 ra. The difference between the equation 
used by Henderson and this one is that here the effects are assumed fixed* 
The values of this covariance calculated from the crossbred data 
are presented in Table 2U» For both weight and number the covariance 
between g and m goes frcm + to - as age of the offspring increases* 
However, since so many of the variance components, either of (1-r2) (Tm2 
or (1-r2) CTg2, were considered zero, little use can be made of the cor­
relation rgjQ. For final weight the correlation was -«5U. This covari­
ance term contributes to the difference in magnitude of (Tb2 found in the 
purebred analysis and of 0*g2 found in the crossbred analysis* For final 
weight the two are 8.2 per cent and 11*0 per cent, respectively* Some 
of the difference between 8.2 and 11.0 is due to the negative covariance 
term. 
Table 2lt. Values of the covariance between general and maternal ability 
found in the crossbred data 
BW W ÏW NB NW NF 
Gov gm as fixed effects +.008 -.91 -28*5 +.18 -.03 -.11 
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D. Breed and Breed Cross Performance 
The difference between the general mean in the purebred and the crossbred 
analysis indicates the average heterosis obtained in the offspring by-
being crossbred rather than purebred. Tables 25 and 26 give the values 
obtained for heterosis as a difference and as a per cent of the purebreds. 
Table 26 contains two other characters, total litter weight and survival 
percentage. These values were obtained by multiplying or dividing the 
constants given in Table 25» Heterosis expressed as a percentage is in 
relative agreement with the figures reported in Table 1 except the present 
ones are larger and average weaning weight is higher than reported. Total 
weaning weight of the litter is most heterotic since it combines the 
heterosis found separately in both average weight per litter and number 
per litter. Gowen (1952) reports a corresponding situation in Drosophila. 
Probably the extreme heterosis shown for average weaning weight is a 
result of an unusually high weight found in the crossbred Landrace. 
Tablé 25* Heterosis shown by the general means of the purebred and 
crossbred analysis 
Weight Number 
Breeding groups BW WW $W NB NW NF 
Crossbred mean 3.01 11.8 173 8.7 6.7 6.5 
Purebred mean 2.92 37.0 159 8.7 6.U 6.1 
Heterosis as a difference .09 U.8 1U 0 .3 .u 
Heterosis as a per cent 103 113 109 100 105 107 
33 
Table 26. Heterosis computed from the constants in Table 25 
Total litter weight Survival 
Breeding groups Btf.NB Wtf.NW Ftf.NF NW/NB NF/NW NF/NB 
Crossbred mean 26.31 281.1 1,125 .77 .97 •7k 
Purebred mean 2$.i;3 237.8 977 •7k .95 .71 
Heterosis as a difference .88 U3.3 1U8 .03 .02 .03 
Heterosis as a per cent 103 118 115 10k 102 10k 
The constants for the purebreds were taken from R (ji, a, g) and for 
the crossbreds from R tyi, a, g, m, s) • 
Breed means corrected for season-age groups for the purebred analysis 
are shown in Tables 27 and 28. Considerable variation is evidenced in 
these tables. These breed means include both the direct effect of the 
genes contributed to the offspring by the parents, both of which were of 
the same breed, and the breed maternal influence on the character. These 
two effects are confounded in the purebred population. The Polands are 
outstanding for weight while the Yorkshires are high for litter size. 
These findings underscore the results of Table 5 pertaining to selection 
pressure. 
These means provide a comparison among pure breeds which were managed 
and raised as nearly alike as is physically possible. Several limitations 
of the data must be considered before inferences are made to the general 
swine population in Iowa, from which this sample was taken. The general 
swine population in Iowa is always in a state of flux. This has come 
about of late from the emphasis on producing meat type swine. Most breeds 
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Table 27. Breed means corrected for season-age classes as found in the 
purebred analysis 
Weight Number 
Breed BW WW FW NB NW NF 
B 2.76 3U.2 1U5 7.7 6.0 5.8 
D 2.87 37.5 162 9.8 6.6 6.2 
H 2.99 38.9 167 8.3 6.2 6.0 
L 3.09 36.3 161 7.8 5.5 5.1 
PC 3.02 38.1* 170 8.1 6.0 5.9 
T 3.02 37.8 153 9.0 6.7 6.5 
Ï 2.69 35.8 156 10.3 8.0 7.5 
Table 28. Breed means using the constants found in Table 27 
Total litter weight Survival 
Breeds BW.NB WW.NW FW.NF NW/NB NF/NW NF/NB 
B 21.25 205.2 81tl .78 .97 .75 
D 28.13 2U7.5 look .67 .91* .63 
H 21.82 2U1.2 1002 .75 .97 .72 
1 2U.10 199.7 821 .71 .93 .65 
PC 2U.U6 230.lt 1003 .7U .98 .73 
T 27.18 253.3 995 •7U .97 .72 
Ï 27.71 286.lt 1170 .78 .9lt .73 
are striving toward this goal, some more successfully than others. There 
is little doubt that a change in even a morphological character will 
result in some change or changes in other traits of economic Importance. 
Consequently, these data probably have relevance for only a short period 
of time. Also the Poland China and Landrace breeds in this study may not 
be entirely representative of their respective breed in Iowa. Cross line 
animals on the average can be compared fairly with purebreds. If, 
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however, a particular character either by inbreeding or selection has 
become a characteristic of a line this may influence conclusions. The 
particular Poland China line, Grandee, is known to be superior in growth 
characters. A large percentage of the Polands in this experiment was 
from that line. This could have been partially responsible for the rather 
impressive weight-for-age in the Poland breed. 
Breed performance as a male and as a female in the crossbred analysis 
are given in Tables 29, 30, and 31. Breed performance as a male is given 
by ji + g^  and for the female as yi + g^  + m^ . Breed performance as a male 
is given only for weight since no differences were indicated in general 
combining ability for litter size. 
Crossbred performance of the breeds is related to their purebred 
performance, with the noticable exception of the Landrace. The Landrace 
have a high general combining ability both in relation to other breeds 
and in relation to their performance as purebreds. This high general com­
bining ability of the Landrace has already been noted by Hetzer et al. 
(1953). 
Table 29. Breed performance as a female parent in the crossbred analysis 
Breed 
Weight - Number 
BW WW FW NB NW NF 
B 2.96 U0.6 167 " 8.3 6.U 6.1 
D 2.85 Uo.i 170 8.7 6.7 6.6 
H 3.0k U2.9 180 8.1* 6.6 6.U 
L 3.28 U5.0 185 8.7 7.3 7.0 
PC 3.10 LI.6 180 8,1 6.ii 6.1 
T 3.08 Ui.li 169 8.U 6.1 5.8 
Y 2.83 Uo.i 162 9.5 7.5 7.U 
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Table 30. Breed performance as a female, for various functions of the 
constants found in Table 29 
Total litter weight Survival 
Breeds BW-NB W«NW FW-NF NW/NB NF/NW NF/NB 
B 2U.57 259.8 1019 .77 .95 .73 
D 2U.80 268.7 1122 .77 .99 .76 
H 25.5U 283.1 1152 .79 .97 .76 
L 28.5b 328.5 1295 .81* .96 .80 
PC 25.11 266.2 1098 .79 .95 .75 
T 25.87 252.5 980 .73 .95 .69 
Y 26.89 300.8 1199 .79 .99 .78 
Table 31. Breed performance as a male parent in the crossbred analysis 
Weight 
Breeds BW WW FW 
B 3.02 1*2.8 177 
D 2.86 Uo.o 169 
H 3.00 U2.9 178 
L 3.07 U3.7 175 
PC 3.11 U2.8 186 
T 3.09 U1.3 173 
Y 2.95 37.5 15U 
Table 32 ranks the breeds on purebred performance and also on per­
formance as a female in the crossbred data, for several representative 
characters. Ranking is not wholly satisfactory because the spacing 
between the breeds in rank is omitted. For all sampled traits save 
survival, the Landrace breed appears to be the only one whose rank as a 
crossbred is distinctly different from its rank as a purebred. This could 
be due to : (1) the origin of the Landrace stock, because it is less 
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Table 32. Rank of breeds with respect to important characteristics 
Total litter 
Number born Survival Final weight weight at 
Rank (NB) (NF/NB) (FW) ISU days 
PB GB* PB GB PB GB PB GB 
1 T T B L PC L Y L 
2 D D Y Y H PC D Y 
3 T L PC D D H PC H 
k K T T H L D H D 
5 PC H H PC Y T T PC 
6 L B L B T B B B 
6 B PC D T B Y L T 
a #1 + g + m. 
closely related to the other breeds than they are to each other; or (2) 
because the purebred Landrace are more highly inbred than the other 
breeds; or (3) to a combination of these factors. Except for the Land-
race, purebred performance appears to be a fair indicator of crossbred 
performance. 
To study further the correlation between pure and cross performance 
of the breeds, the sire by mating system (pure and cross) interaction was 
studied for average litter weight. This would indicate whether the pure­
bred performance of a sire, as indicated by his progeny, would indicate 
his ability as a sire of crossbred litters. This interaction using dams 
would be informative for litter number but was not undertaken because the 
numbers involved would have been small. 
The analysis was done by correcting the purebred data for breed dif­
ferences and cross data for differences in breeding groups (reciprocal 
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crosses)• The constants obtained in the least squares analyses from H 
(ji, a, d') page 13, were used for the corrections. The components of 
variance found in the corrected data are shown in Table 33* There is 
little indication that a sire by mating system interaction exists. This 
illustrates that the prediction of cross performance by purebred perform­
ance is fairly accurate, even for a character with moderate heritability* 
Season constants for the crossbred and the purebred analysis were 
corrected for age-of-dam, using the values in Table 6. These corrected 
season constants were then averaged for spring and fall. They appear in 
Table 3U as the excess of spring over fall. The spring farrowed litters 
averaged about 1.5 more pigs then those farrowed in the fall. Birth and 
weaning traits were affected a bit more than final weight or number. No 
steady time trend was evidenced in either sample, when the averages of 
the two seasons in a year were compared. 
Table 33# Variance components in data already corrected for differences 
among breeding groups 
Source of variation DF BW WW FW 
Season-age of dam groups 8 .032 1.726 1*1.185 
Sires in seasons 161* -.011 .056 63.897 
P va C in seasons 9 .001 8.81*0 105*020 
Sires x P vs C in seasons 78 -*017 .900 lU.371 
Residual 276 .210 1*0.118 U51.U28 
39 
Table 3U« Excess of spring over fall averages 
Weight Number 
Spring vs fall BW W FW NB NW NF 
Furebreds +.33 +3*3 +1 +1.5 +1.6 +1.U 
Crossbreds +.1*1 +2.9 -5 +1.7 +1.6 +1.2 
1*0 
IV. DISCUSSION 
The heterosis exhibited by the crossbreds compared with the pure-
breds, Tables 29 and 30, was in the same direction but larger than those 
listed by Dickerson (1952) as given here in Table 1 especially far average 
weaning weight. Why these data indicate higher heterosis may be ex­
plained partially by the sample breeds which here included the Landrace. 
Commercial swine production today utilizes this heterosis, based on the 
variation among breeds, to produce market stock. Accurate selection among 
breeds, to be used in a crossbreeding program, could possibly increase 
this heterosis. Possibilities of further progress in the production of 
desirable market stock remain in the total and intra-breed genetic 
variation. 
Variation among breeds, most of which is genetic, was manifest in 
the purebred sample. This breed variation is the direct breed variation 
plus the breed maternal variation plus twice the covariance between them. 
Breed variation in litter size accounted for 10.2, U«9 and 3*3 per 
cent of the variation among litters at birth, 56 and 151* days, respective­
ly. This decrease in importance of breeds with advancing age of the off­
spring may be merely a result of an increase in the importance of the 
environment common to all breeds in determining survival. Or an 
increasing negative covariance, between the direct breed effect for sur­
vival at later ages and the ability of the breed as a female to provide 
an early environment which affects the survival of the offspring at a 
later age, could cause this decrease in variation attributable to breeds. 
The latter possibility is suggested by the covariance found in the 
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crossbred population. 
Breed variation in average litter weight accounted for 8.9, 3.7 and 
8.2 per cent of the variation among litters at birth, 56 and 15U days, 
respectively. The relatively small percentage of variation accounted 
for by breeds in 56-day weight may be the result of the litters being in 
a transition period, from a female-created environment to independence. 
Possibly litters from dams of good milking breeds were not as interested 
in solid food as were litters from a poorer milking breed. At 56 days 
in the crossbred analysis there is little indication of a breed maternal 
difference. Perhaps, then, only direct breed differences are being 
compared in the purebreds. 
The variability among breeds in the purebred sample indicates that 
breed differences, mostly genetic, do exist, and that these breed differ­
ences are large enough that use could be made of this genetic diversity 
in a breeding system, a fact which has been recognized already by the 
commercial producer. 
Most recommendations made to commercial producers on which breed 
to use in a crossbreeding program, are based on the performance of that 
breed as a purebred. The accuracy of this selection based on purebred 
performance probably is high with regard to morphological traits with 
high heritability and which show relatively little heterosis. However, 
for traits with a medium or low heritability this may not be the case 
since these traits usually display at least a modest amount of heterosis 
which, by definition, indicates non-additive gene action. 
An analysis of combining ability provides a very useful tool for 
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studying the amount and kind of genetic variation manifest in a crossbred 
population. Such an analysis will indicate, within that specified popu­
lation, how large the differences between breeds are in their general 
average as crossbred parents, how large the differences are between the 
general average of each as a female parent compared to the male parent, 
how large the differences are between the specific values of crosses 
after general differences are considered, and how large the differences 
among the reciprocal crosses are after the other factors are taken into 
account. 
Reciprocal cross differences among inbred lines of swine have not 
been shown to be an important source of variation among crossline litters, 
Henderson (191*8). However, in many species, crosses show evidence of 
reciprocal differences as, for example, Hammond's Shire-Shetland crosses. 
Probably other differences, besides the maternal influence, exist between 
these crosses. 
Reciprocal differences could be caused by an interaction between the 
general ability of the sire and the genotype of the dam, as well as by 
sex-linkage. Probably, the larger the differences between the organisms 
crossed, the larger the chance for an interaction of this sort. Most 
examples in classical genetics of maternal effects, such as the Rh factor 
in humans, dextral and sinistral coiling of certain snails, etc., are 
basically examples of interaction between the maternal and offspring 
genotype. In the present analysis reciprocal differences were present 
though not large for birth weight and number born. Conceivably these 
breeds are genetically distinct enough to show interaction of general 
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ability of sire and maternal ability of the dam* Possibly if pigs of a 
particular cross are large, relative to the normal capacity of the female, 
and if the dam is of a prolific breed, some trouble in uterine environ­
ment and at birth could occur. Perhaps the Poland China lines studied 
by Henderson were enough alike for these characters not to evidence an 
interaction. If this reciprocal difference were due entirely to sex-
linkage it seems likely that the differences would have extended through 
the older ages of the offspring instead of being present only in the 
characters at birth. Sex-linkage, however, was not excluded as a cause 
of reciprocal differences* 
Little evidence is available in swine on the relative importance of 
breed differences in specific combining ability. Henderson (19U8) found 
that among inbred lines of Poland China swine specific combining ability 
accounted for 5 to 15 per cent of the variation among crosses for litter 
size and weight* Work of Sprague and Tatum (19lt2) with corn indicated 
that specific combining ability is essentially equal to general ability 
in size, when they used highly inbred lines not previously selected for 
general combining ability. However, among lines already selected for 
general ability, specific combining ability was twice as large as gen­
eral combining ability. Warren and Dickerson (1952) found no indication 
of a tested line by tester line interaction. Recent work of Hetzer et al* 
(1959) indicated little evidence for specific ability among crosses of 
inbred lines from different breeds* 
The present data indicate that specific combining ability is not 
an important source of variation among these breed crosses* This is 
là 
evidenced by Tables 13 and 21, Henderson's findings indicate the possi­
bility of obtaining large differences among specific crosses* Possibly 
the breeds sampled here are not distinct enough from each other, for 
growth characters, to warrant considering specific crosses until the more 
easily available general abilities have been exploited, as was indicated 
by Sprague and Tatum (19U2) with com. That is, if the experiment were 
to be carried out again, using only the four breeds highest in general 
combining ability, the relative magnitude of general combining ability 
to specific would be different* These conclusions apply to average 
weight* The results for litter number were not surprising because that 
trait seems likely to be a character of the purebred female in these data* 
Specific combining ability should be measured for litter size among cross­
bred females as was done by Magee and Hazel (1959)» using cross line 
Poland China swine* 
Differences among breeds in maternal performance within the cross­
bred population are important for litter number and possibly exist for 
average litter weight, as seen in Table 21* These results are contrary 
to those reported by Hetzer et al. (1959)* In their work maternal dif­
ferences did not contribute much to the total variation in litter size 
and instead of increasing with age of offspring decreased* Henderson 
(191*8) found only small differences in maternal abilities of inbred 
Poland China lines* 
This maternal effect is actually the expression in crossbred off­
spring of the genotype of the breed for maternal ability* Exactly why 
the variance of maternal influence for average litter weight at $6 days 
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appears so unimportant in these data is not known. It may be a compen­
sation or a transition phenomenon discussed under purebred breed differ­
ences. The maternal effect seems to regain importance at 15U days. This 
is true for number and for average weight at 1£U days. For litter number 
and weight some care given by the sow when the pigs were young may have 
an important influence only later in the life of the pig. This might also 
indicate some compensation. 
If the direct effect of the genes of the pig and the genotype of the 
dam are correlated, as inferred by Dickers on (19k7), then the estimates 
of <Jg2 and 0m2 are smaller by (1-r2^ ) than they should be. This may 
in part account for the many negative, though not significantly so, 
estimates of variance components for maternal and general abilities that 
were found in these data. Another reason for these negative estimates 
may be concerned with the relation of g and m with a, the season-age 
groups. 
Values of this covariance between general and maternal abilities, 
calculated by taking the expectation of certain linear functions of the 
constants, are presented in Table 22. At birth the covariance is posi­
tive for both weight and number, but somewhere between birth and weaning 
this covariance between the general and maternal abilities becomes 
negative. This tends to increase negatively to l$k days of age. The 
genetic basis for this covariance is pleiotropy between the genes of the 
offspring for say growth and the genes of the female for maternal ability 
related to providing the growth environment for the pigs. For weight, 
as the genes for growth express themselves more fully with age of the 
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offspring, the covariance between them becomes negatively related to the 
ability of the female to nurse and care for a litter. The breeds which 
are better at providing a growth-promoting environment appear not to be 
the heaviest at 15U days. This may be compensation, in that heavier pigs 
at weaning do not grow as fast as light pigs. The covariance at birth was 
positive. This may be due to the genes for growth performing the same type 
of functions for the embryo as the genotype of the dam does for maternal 
care. For litter number the ability of the pigs to survive to a later 
age appears to be negatively related to how well the maternal ability of 
the dam reared them. Sampling errors undoubtedly are in these results. 
Previous work has indicated a negative association between the direct 
and maternal influence of a line for weight, except in the work of 
Warren and Dickerson (19$2). If direct breed effects for litter size 
are non-existent, as found in these data, the correlation between the 
direct and maternal breed influence would be of no significance. More 
data bearing on the importance of this covariance between the direct and 
the maternal genotype would be informative. 
General combining ability among breeds was the most important source 
of variation among litters in average weaning and final weight. No dif­
ferences were indicated for litter size. Henderson (19U8) found general 
ability among inbred lines of Poland China to be an important source of 
variation for total litter weight. Hetzer et al. (1953) found general 
ability to be an important source of variation in several traits, using 
inbred lines from different breeds. 
General combining ability and maternal ability of the breeds 
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represent genetic differences which can easily be used to increase cross­
bred production. Actual values of general and maternal abilities as well 
as purebred performance are affected by two facts. The breeds being 
dynamic in time, cause these estimates to apply only to the population 
from which the data were a sample. It is not known exactly how different 
from their breed were the inbred lines, which were used as crossline 
individuals to represent the Poland and Landrace breeds. 
The Landrace breed displayed a distinctly superior general combining 
ability and maternal ability in almost all characters studied. 
Estimates of crossbred performance based on general and maternal 
ability can be used to select among breeds. This can be done utilizing 
a selection index which combines all the available information. The 
procedure is detailed by Henderson (l?li8). Two indexes were constructed, 
using constants from the present analysis. 
The first is for selecting a breed to be used as a sire, the selec­
tion being based on general and maternal combining ability. Maternal 
ability is included because of its relation to general ability. The 
index for l$h day weight is 
I « g + .23m where 
g is general ability and m is maternal ability. Breeds ranked on general 
ability alone are PC, H, B, L. T, D, and Y. Using the index the breeds 
ranked: PC, H, L, B, T, D, and Y. Using this index did not alter the 
rankings drastically. 
The second is for selecting on general and maternal abilities a breed 
to be used as a dam. Both are included because the female contributes 
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both to general and maternal ability. The index for 1£>U day weight is 
I » g + .71m. 
Breeds ranked on general and. maternal ability are in the order: L, PC, 
H, D, T, B, and Y. Ranked by index the breeds are: L, PC, H, T, D, B, and 
Y. Here ranks are also changed only slightly. This is because less con­
fidence is placed in the estimate of m^  than g^  and. because of the 
negative relationship between g and m. 
The possibility of selecting breeds on their purebred performance 
is of interest. However, the differences between breeds as purebreds 
contain not only direct genetic breed differences but also maternal dif­
ferences between breeds. These maternal differences may not be those 
reported in the crossbred sample because they refer to the ability of 
the female of that breed to raise a crossbred litter. An interaction of 
mothering ability with the mating systems (pure and crossbred) could 
exist. Also, if the direct genetic breed difference in the purebred 
population is defined in a like manner as in the crossbred population, 
we have 
gi + gi + sii where 
the g^  values are similiar to those found in the crossbred population. 
One g comes from the sire and the other the dam while 8^  is an inter­
action effect which measures the unexplained difference between the facts 
and the 2 g^ . Actually breed differences in the pure population are 
measures of a breed genotype similar in the cross population to the con­
tent of a specific combining ability cell as g^  + gj + Sj_j. Thus there 
are several reasons for considering that selection based on purebred 
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performance would not be a particularly good measure of general combining 
ability or maternal combining ability in crosses* General ability 
measures the average difference of the breeds in their performance as a 
single parent, when mated to all other breeds. Maternal ability measures 
average differences among breeds beyond what would be expected from their 
general ability, when the breed is used as the female parent when mated 
to all other breeds. 
Since specific combining ability appears to be of slight significance 
in these data, the possibility of predicting cross performance from pure­
bred performance is greater than had specific differences been important. 
For average litter weight the comparison of pure and cross offspring intra 
sires was shown in Table 33. There was only slight indication of a dif­
ference in performance between the two groups. 
The extra correlation between members of a sire subclass caused by 
their being either purebred or crossbred was .02 and .03 for average 
weaning and final weight. Such a slight indication as observed would 
indicate that for average litter weight selecting a sire on the perform­
ance of his purebred offspring would be practically as good as selecting 
him on his crossbred offspring. 
Since individual dams had so few records, intra-dam differences of 
pure and cross litters were not computed. Litter size was dependent on 
the maternal differences among breeds. This means that a correlation 
between pure and cross performance for litter size indicates only how 
nearly alike the breeds rear a pure and a cross litter, or in other words 
whether mating system and breeds interact for litter size. The practical 
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question is: Which breed cross is superior in litter number? This is 
because crossbred females are usually used as parents in commercial 
crossbreeding# 
Simple correlations between the performance of breeds as dams of 
purebred litters and their performance as dams of crossbreds for litter 
size at birth, weaning, and 15U days are .75, .3U, and .29, respectively. 
Observation of the ranks in Tables 27 and 29 disclose that the landrace 
is a contributing factor to the lowering of these correlations at later 
ages. This is not complete evidence for an interaction between mating 
systems and breeds for litter size, even though the correlation is not 
one. This is because of the composition of the breed effects found in 
the purebred population with respect to the s^  effects discussed on 
page U8. 
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V. SUMMARY 
Although a large percentage of market hogs are crossbred, most recom­
mendations made to commercial producers on which breed to use in a cross­
breeding program, are based on the performance of breeds as purebreds. 
This thesis presents the results of a study which compares the combining 
ability among seven breeds of swine. 
These data consisted of 283 crossbred litters of all possible breed 
combinations and 253 purebred litters. The average pig weight per litter 
and litter number were measured at birth, 56, and 15U days of age. The 
data were collected at the Iowa Agricultural Experiment Station during 
the spring and fall farrowing seasons of 195U> 1955 and 1956. 
The variance among purebred litters attributable to breed differences 
was large (3 to 10 per cent) indicating that use can be made of this 
genetic diversity in a breeding program. Heterosis, measured as crossbred 
mean over purebred mean, was generally larger than previously reported. 
This probably results from the Landrace jbeing one of the breeds. 
The variance among crossbred litters was partitioned into that 
attributable to general, maternal, specific and reciprocal combining 
abilities among the seven breeds. There was a slight, though not signif­
icant, difference among reciprocal crosses for number born and birth 
weight. This may represent an interaction between the general and mater­
nal abilities of the breeds. Specific combining ability differences among 
breed crosses were not a significant source of variation for any character 
studied. This simply means that in these particular breed crosses there 
were no important differences. 
$2 
Maternal differences among breeds were important for litter size at 
weaning and 15U days, accounting for 3 and 7 per cent, respectively, of 
the variation among litters* Size of litter in these data appears to 
depend on the breed of female* Maternal differences were also important 
for l$U-day weight representing U per cent of the variation; but, maternal 
differences were not important for weaning weight* 
The covariance between maternal and general ability of breeds 
appeared to be large and positive at birth for both weight and number, 
but for average weight of the litter at 15U days it was negative, r • 
-,5U. This implies the direct breed effect at first acts in the same 
direction as the maternal effect but later in age of the offspring it 
assumes a negative relation possibly due to compensation or antagonism* 
General combining ability was important for average pig weight per 
litter accounting for 5 and 11 per cent of the variation in weaning and 
l£U-day weight, respectively* The Landrace breed, considering both 
general and maternal ability, was found to be best for weight and litter 
size, while the Poland China was superior in general ability for weight 
and the Yorkshire was superior in maternal ability for litter size# 
The sire by mating system interaction for average litter weight 
was small which suggests that selection of individuals to be crossbred 
parents on their purebred performance is possible even though general 
plus maternal ability is not perfectly correlated with purebred perform­
ance# 
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